This letter proposes an efficient transmit power allocation using partial channel information feedback for the closed-loop sorted QR decomposition (SQRD) based V-BLAST systems. For the feedback information, the positive real-valued diagonal elements of R are forwarded to the transmitter. With the proposed transmit power allocation that is numerically derived by the Lagrange optimization method, the bit error rate performance of the system can be remarkably improved compare to the conventional open-loop SQRD based V-BLAST systems without increasing the receiver complexity.
Introduction
The Vertical Bell Labs Layered Space-Time (V-BLAST) systems have been received considerable attention due to their relatively simple architecture and better spectral efficiency, as one of the most promising techniques for highrate wireless communications [1] . The V-BLAST detection scheme suggested therein was an ordered successive interference cancelation (OSIC) based on the pseudo-inverse of the channel matrix. However, the successive detection requires a computationally extensive task due to the recursive calculation of pseudo-inverse. To avoid this, a complexityreduced version was proposed in [2] , [3] , where a sorted QR decomposition (SQRD) of the channel matrix was employed. It provides a close performance to the OSIC detection scheme with much simpler receiver structure.
To improve the system performance in such an openloop V-BLAST system mentioned above, additional signal processing may be needed at the receiver, thus increasing the receiver complexity. On the other hand, closed-loop V-BLAST systems which employ a feedback mechanism can significantly improve the system performance with far less complexity as compared to the open-loop systems [4] - [8] . Typically, the closed-loop system from implementation aspect has an overhead added by feedback process that is a major concern in this research area. In this regard, the power control approach has been noticeable due to its relative simplicity and remarkable performance in closedloop V-BLAST systems [4] , [5] . As a related work, for instance, a transmit power allocation method was introduced for the closed-loop OSIC based V-BLAST systems [4] . It was shown therein that the performance is comparable to or better than that of complex maximum-likelihood (ML) detection in open-loop V-BLAST systems. However, despite the benefits of SQRD over OSIC discussed earlier, relatively little attention was paid to the closed-loop SQRD based V-BLAST systems.
In this letter, we propose an efficient transmit power allocation algorithm for the closed-loop SQRD based V-BLAST systems with partial feedback of channel information. In the proposed algorithm, the real-valued diagonal elements of R obtained from SQRD of the channel matrix are forwarded to the transmitter. Utilizing this partial channel information, the transmitter allocates the optimum transmit power numerically derived with the Lagrange optimization in order to minimize bit error rate (BER) of the system by ignoring error propagation. The proposed scheme can improve the system BER performance without the increased complexity burden of the open-loop ML detection. Furthermore, it does not require any additional complexity at the receiver as compared to the existing power control approaches (e.g., [4] , [5] ). This is because it calculates the transmit power at the transmitter, unlike the conventional methods. Simulation results demonstrate that the proposed transmit power allocation scheme significantly improves the BER performance as compared to the open-loop V-BLAST systems. Notation: Throughout this letter, bold symbols denote matrices or vectors. (·) T and (·) H denote transpose and Hermitian transpose, respectively. I M and 0 M,1 represent the M×M identity matrix and the M×1 zero vector, respectively. ∂X/∂Y represents the partial derivative of X with respect to Y.
System Model
We consider the closed-loop SQRD based V-BLAST systems equipped with M transmit antennas and N (≥ M) receive antennas as shown in Fig. 1 . At the receiving end of the system, after SQRD of the channel matrix, the positive real-valued diagonal elements of R matrix are forwarded to the transmitter through the feedback channel. On the assumption of quasi-static channel environment, the feedback process makes the transmitter possible to access current channel state information. Based on the feedback information, independent substreams are transmitted with differently allocated power to minimize BER of the system. T can be described as
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where
. . , √ P M is a diagonal power allocation matrix with P k that represents the amount of power allocated to the k-th transmit antenna. The N × M channel matrix H is composed of independent and identically distributed (i.i.d.) complex Gaussian variables with unit variance, and
T denotes the noise vector whose elements are white Gaussian variables with zero mean and variance of σ 2 n . For the signal detection, the minimum mean square error (MMSE) criterion based sorted QR decomposition by the modified Gram-Schmidts algorithm [3] is employed to mitigate the error propagation and the noise enhancement simultaneously. Then, the extended channel matrix is decomposed as
where the (M + N) × M unitary matrix Q is composed of the N × M matrix Q and the M × M matrix Q 1 , and R is the M × M upper triangular matrix. The detection ordering information is ignored for simplicity. Multiplying Q H to the extended received signal x = x 0 M,1 T yields the filtered received signal vector as
where w is the noise component Q H n. The upper triangular structure of R matrix leads the k-th received signal as
where r k,i is the k-th row and i-th column element of R matrix that makes possible to utilize the back substitution detection mechanism.
Proposed Transmit Power Allocation
In this section, the proposed transmit power allocation is derived in the sense of minimization of BER for the SQRD based V-BLAST systems. In the derivation, the system BER performance is numerically analyzed first, and then the Lagrange optimization method is employed to minimize the system BER with the constraint of the total transmit power limitation.
To begin with, the signal detection using back substitution method yields the bit error rate for the M-th interference-free signal as
where Pr x e M represents an erroneous bit detection probability at the M-th stage. Subsequently, the bit error rate for the (M − 1)-th signal is expressed as 
(7)
If we neglect the error propagation effect under the assumption that the previous detection is correct, the bit error probability of each detection stage is regarded as a function of the corresponding diagonal element of R matrix. Consequently, the bit error probability for the k-th detection stage is expressed in terms of SNR (e.g., see [9] for more detail) as
where f (·) is an arbitrary BER function that can be defined for any modulation format employed in the system. From (8) , the system bit error probability is represented as a sum of bit error probabilities for each stage,
Next, the Lagrange multiplier method is introduced to derive the optimum transmit power. The total transmit power limitation is given as the constraint function for the optimization as
The cost function with the objective function in (9) and the constraint function in (10) is given by
where λ is the Lagrange multiplier. In accordance with the Lagrangian method, the optimum transmit power can be derived by solving a set of equations obtained from the partial derivative of (11) with respect to P k , ∂C/∂P k = 0 (k = 1, 2, ..., M), under the power limitation given in (10). The detailed derivation result is omitted here due to the space limitation. As a result, the optimum transmit power to minimize BER of the SQRD based V-BLAST systems is obtained as
The simple form of (12) allows the transmitter to require only a fraction of complexity.
Simulation Results
In this section, the BER performance of the proposed transmit power allocation is compared with the conventional SQRD based V-BLAST systems using Monte Carlo simulation. The BER performance of the conventional ML detection without feedback is also presented for comparison purposes, and it will be denoted as ML detection for the rest of this letter. In the simulation, uncoded QPSK modulation and MMSE based SQRD detection algorithm are considered. Uncorrelated Rayleigh flat fading channel is assumed to be constant over a frame. In addition, we presume that the feedback information is error-free and the perfect channel information is available to the receiver. Figure 2 shows the BER performance of the proposed transmit power allocation for SQRD based V-BLAST systems with M = 4 transmit and N = 4 receive antennas. We see in this figure that the BER of the proposed scheme is similar to that of MMSE-SQRD at low E b /N o region. From this observation, we may argue that the error propagation effect can not be ignored at low E b /N o region. However, the proposed method outperforms the MMSE-SQRD at high E b /N o region. Furthermore, its BER performance is comparable to that of the ML detection, i.e., it achieves same diversity order of the ML detection. Remember that although the ML detection provides the best detection performance in the conventional open-loop systems, it requires a plenty of computational efforts at the receiver. In the conventional systems with equal transmit power allocation, error occurrences due to deep fading channel conditions are stochastically unavoidable. On the other hand, the proposed transmit power allocation can compensate the error-prone channels by allocating more transmit powers to the corresponding transmit antennas, thus it can improve the system BER performance.
The BER performance of the proposed system with M = 4 transmit and N = 6 receive antennas is presented in Fig. 3 . With the increased receive antennas, it is seen that the proposed scheme outperforms the ML detection at the SNR of more than 10 dB because the proposed scheme can exploit larger diversity order through the optimal transmit power allocation.
Conclusion
In this letter, we have proposed an efficient transmit power allocation to minimize the BER of closed-loop SQRD based V-BLAST systems. The proposed scheme has a considerable advantage on implementation that it does not increase the receiver complexity and only requires a fraction of channel information feedback. As demonstrated in simulation results, the proposed transmit power allocation improves the BER performance of the systems significantly compare to the conventional SQRD based V-BLAST systems. That is, not only does it have the same diversity order as the complex ML detection, but it also outperforms the ML with the increased number of receive antennas. Furthermore, we may argue that the proposed transmit power allocation can be applied to any application that is based on the closed-loop V-BLAST systems.
